To achieve uniform and efficient combustion in a rocket engine, a fine uniform spray is needed. The same is achieved by designing an injector with good atomization characteristics. Gas-centered swirl coaxial (GCSC) injector elements have been preferred recently in liquid rocket engines because of an inherent capability to dampen the pressure oscillations in the thrust chamber. The gas-centered swirl coaxial injector chosen for this study is proposed to be used in a semicryogenic rocket engine operating with oxidizer rich hot exhaust gases from the pre-burner and liquid kerosene as fuel. In this paper, nine different configurations of gas-centered swirl coaxial injector, sorted out by studying the spray angle and coefficient of discharge with swirl number varying from 9 to 20 and recess ratio of 0.5, 1, and 1.5 are investigated for their atomization characteristics. Spray uniformity, spray cone angle, and droplet size in terms of Sauter mean diameter and mass median diameter are studied at various momentum flux ratios for all configurations. Sauter mean diameter is almost independent of recess ratio, whereas cone angle was inversely proportional to the recess ratio. A finer atomization was observed for injectors of high swirl number but the pressure drop also increased to achieve the same flow rate. An injector of medium swirl number and recess ratio of 1.5 is deemed most fit for above-mentioned application.
Introduction
The design principle of a gas-centered swirl coaxial (GCSC) injector is to shroud the central gaseous oxidizer flow with liquid fuel in an annular flow so that the oxidizer is completely encapsulated and consumed by the fuel. This configuration helps in preventing the hot oxidizer gas from contacting the combustion chamber wall. The liquid becomes a thin sheet due to swirling action and gets sheared by the action of the high-speed gas flow in the center to cause ligament formation, ligament breakup, and atomization. This configuration also helps in decoupling the feed line and chamber pressure oscillation thus enhancing the stability margin of the engine. The injector taken up for the study is used in oxidizer rich staged combustion cycle operation with hot oxidizer product of pre-burner as oxidizer and kerosene as fuel. The optimization of the geometrical parameters is very important in finalizing the design to achieve optimum performance of the engine.
GCSC injector with open end is a relatively new area of research and theoretical/experimental results have been reported for different configurations with most of them independently studying the effect of variation in swirl number and recess ratio (RR). Fu et al. 1 have considered cone angle and Cd as the most important parameters of a GCSC injector which are indicative of atomization and flow capability respectively. Since the experiments were conducted by varying swirl number alone, the effect of recess length was not considered. Hence, it is felt that a detailed parametric study, by varying both swirl number and recess length over a wide range of operating conditions, would enhance the understanding of the effect of these geometric parameters on the liquid spray characteristics. Im et al. 2 have studied the effect of the momentum flux ratio (MFR), which is the ratio of momentum flux of oxidizer to the fuel, on cone angle and Sauter mean diameter (SMD) and proposed a correlation for the ratio of cone angle with liquid and gas to the cone angle with liquid alone, as a function of flow Reynolds number and MFR. Their study brings out an exponential dependence of spray cone angle on MFR at lower MFR values. However, the predominant effect of RR at higher MFR needs a detailed study and hence is included in the present study. Study by Jong et al. 3 on GCSC injector spray patterns presents trends regarding the effect of recess length on Cd and cone angle, effect of injector pressure drop on cone angle, and critical MFR as well as its dependence on recess length.
Atomization in a swirl injector is controlled mainly by the liquid film thickness and the momentum flux ratio (MFR). The liquid film thickness is a strong function of swirl number: higher the swirl number, lower will be the liquid film thickness and hence results in finer atomization. 4, 5 Correlation reported by Qing-Fe Fu et al. 5 is used to determine the film thickness (t).
where D is the exit diameter In GCSC injectors, the aerodynamic shearing of the liquid sheet by the central gas jet is the predominant mechanism responsible for atomization. 6 Liquid sheet breakup depends on liquid-gas interaction; depending on the transfer of kinetic energy between gas and liquid, breakup can be finer or coarser. 2 The momentum flux ratio thus becomes a very critical factor in predicting the atomization characteristics of the injector and hence is used for the comparison of different injector configurations.
Critical momentum flux ratio is the MFR around which the spray angle remains almost constant 7 and also indicates optimum mixing. Critical momentum flux ratio which determines both internal and external mixing 3 was evaluated to estimate optimum operating MFR for different configurations. The injectors are cold flow evaluated over a range of MFR lower and higher than the value of MFR at nominal operating condition.
Recess plays a very important role in mixing and atomization process. The recess cavity also acts as an acoustic resonator to withdraw a significant part of the acoustic energy from the combustion chamber to the gas manifold, 8 thus controlling the pulsation due to pressure drop and self-oscillation. Recess region can also enhance the mixing efficiency and flame stability through internal mixing of propellants. 4 A comprehensive literature is missing on the combined effect of recess and swirl number on the atomization characteristics of a GCSC injector and so in the current work, both the parameters are studied together.
A detailed parametric study on different configurations of the selected GCSC injector was carried out. The critical MFR which can be used as a useful performance indicator for comparison of the degree of gas-liquid interaction and for fixing the optimum operating regime of the injector was evaluated. The current work focuses on the effect of swirl number and RR on spray cone angle and Cd. The effect of varying MFR, RR and A on atomization in terms of SMD is also studied subsequently. Study by Lightfoot et al. 6 on atomization mechanisms in GCSC injectors stresses upon the need for analyzing the GCSC injector spray structure with due consideration to the dominant modes of atomization mechanisms and hence is included in the present scope of study.
Experimental details

Experimental approach
The GCSC injector element taken up for study, shown in Figure 1 consists of a central cylindrical portion with an orifice at the inlet controlling the gas flow. The liquid enters tangentially into the swirl chamber through 12 holes arranged in two rows of 6 holes each and the resultant spray cone interacts with the axial gaseous jet and comes out of the injector through the exit of the open end swirl injector. The distance from the liquid entry point to the nozzle exit is known as the recess length which is an important parameter with respect to the spray uniformity. Experiments were conducted on 11 different configurations of GCSC injector with wide range of swirl numbers (9.5 to 45.2) with three different RRs: 0.5, 1.0, and 1.5. The swirl number is varied mainly by changing the tangential entry holes' diameter from 0.6 mm to 1.3 mm. The details of the hardware tested are given in Table 1 categorized into four groups based on swirl number. After preliminary study on spray cone angle and Cd, two configurations of hardware were discarded and atomization studies were carried out only on nine hardware configurations.
The experiments were carried out with simulant fluids: gaseous nitrogen (GN 2 ) in place of oxidizer rich hot gas and water in place of kerosene. Characterization of different injector configurations was carried out with water alone for different pressure drops to assess the effect of swirl number on injector flow. The major performance indicators of a GCSC injector element are the coefficient of discharge (Cd), spray cone angle (a), and Sauter mean diameter (SMD). In a swirl injector, the Cd is generally low because of the pressure loss in the swirl passage. Cd has to be evaluated for different swirl numbers as well as various pressure drops to arrive at the best configuration for a given application. The uncertainty in Cd measurement is approximately 0.8%. The Cd and a are strong functions of the swirl number of the injector which is a non-dimensional number that depends on the radius(r) and number of tangential entry holes (n), swirl arm length(R), and radius of exit nozzle (r c ).
RR, defined as the ratio of recessed length from liquid inlet to injector exit (L) to nozzle diameter (D), is another important non-dimensional parameter used to characterize the injector performance. Recess length has to be optimum to ensure spray uniformity with minimum frictional loss due to the recessing.
Mass flow rate is directly measured using the mass flow meter and the Cd is determined using measured flow rate and injector pressure. The effect of pressure drop on spray cone angle was studied for different injector configurations. The impact of change in operating conditions as well as geometric parameters on Cd and spray cone angle was evaluated. Cone angle was evaluated by increasing the contrast of the image obtained from a high-speed DSLR camera and drawing tangents to the spray from the injector exit. The uncertainty in cone angle measurement is less than 2%. The DSLR camera used is of NIKON make having 24 Â 16 mm CCD sensor with eight million effective pixels with a lens of 62 mm focal length, 1/320 s exposure time at f/5.6. Simplex speed light 522 was used for lighting the spray.
Based on the test data, empirical correlations were developed for the spray cone angle which is a measure of the spatial distribution of liquid and the Cd.
The spray drop size is characterized in terms of representative SMD and mass median diameter (MMD). For droplet size and droplet size distribution measurement, LASER diffraction based on Mie scattering using Malvern Particle Sizer Õ is employed and the data are processed and presented by the Spraytec Õ Software. The uncertainty in SMD and MMD measurement is approximately 1%.
Experimental technique
To facilitate the cold flow testing, suitable fixtures are used to feed water and GN 2 at the specified conditions to the injector element and having necessary measurements upstream of the injector element. The fixture has separate inlet manifolds for water and GN 2 with provision for injection pressure measurements. The manifolds are made with sufficiently large volume to ensure uniformity of flow into the injector element. The schematic of the experimental set up is shown in Figure 2 . Water is supplied from a tank pressurized with gaseous nitrogen from a cylinder. A mass flow meter is provided in the water line to measure the flow rate. A pressure gauge is mounted just before the injector and in addition, a strain gauge type pressure transducer is mounted on the injector manifold to monitor the water injection pressure. Gaseous nitrogen is fed from a bank of four cylinders connected to a common header. A mass flow meter is installed in the GN 2 circuit followed by a pressure gauge and pressure transducer to measure the GN 2 injection pressure. The details of the measurement systems are given in Table 2 . The data acquisition system measures, acquires, and records the real-time pressures and flow rates, which is processed later. It consists of multi-function USB data acquisition card (USB 4704 module) with Lab View Õ -based application software. The data acquisition system acquires data at a minimum sampling rate of 10 samples/second.
Results
Characterization of spray cone angle and Cd by varying swirl number and RR
The mechanism of development of the injector spray with increase in water injection pressure is shown in Figure 3 . The tulip shaped formation is clearly visible at low injection pressures. As the injection pressure increases, the film breakup length decreases and the liquid sheet disintegrates into droplets due to the hydro-dynamic instability of the sheet as reported by Im et al. 2 At very high-injection pressures, the liquid disintegrates immediately downstream of the injector.
Once the spray is fully developed as shown in last image in Figure 3 , the spray cone angle increases with increase in injection pressure for a given swirl number and for a given injection pressure, the cone angle is higher for higher swirl number as shown in Figure 4 . The results indicate increase in spray cone angle with increase in injection pressure which can be attributed to the increased angular momentum imparted to the jet by the higher pressure gradient. Tests conducted on two more injectors with same RR but with lower and higher swirl numbers also have shown similar trends. Cone angle is a strong function of swirl number because higher swirl number will result in higher angular momentum resulting in a wider spray. Tests were carried out on injectors with RR ¼ 0.5 and 1.5, to study the effect of recess length on liquid spray on injectors with low, medium, and high swirl numbers.
It is seen from Figure 5 that, the spray uniformity is much better with higher recess length as the distinct streaks seen with RR ¼ 0.5 are absent for injectors with higher RR of 1.5. Recess length provides space for better mixing of the fluids, thus making the spray more uniform but it decreases angular momentum due to frictional losses in the passage which causes a reduction in the cone angle as shown in Figure 6 . Strakey et al. 7 have also reported the weakening of swirl momentum for longer recess length giving smaller cone angle. Thus, designers have to make a compromise between mixing and cone angle to achieve at optimum recess length.
The flow capability of an injector is a strong function of the swirl number. The pressure drop increases with increase in swirl number for a given flow rate as shown in Figure 7 . The effect of pressure drop on flow rate reduces with increase in injection pressure. It is more dominant for higher swirl number because of higher pressure drop in swirl passage.
Coefficient of discharge (Cd) remains fairly constant with increase in injection pressure for a given swirl number, as shown in Figure 8 . The same result was also reported by Im et al. 3 This shows that there is no Figure 6 . Effect of recess ratio on cone angle. Figure 5 . Effect of recess ratio on spray uniformity.
significant increase in pressure drop in swirl passage at higher injection pressure. The value of Cd is lower at 0.03 for high swirl injectors compared to 0.04 for medium swirl injectors and 0.07 for low swirl injectors as expected with the reduction in injection orifice diameter for higher swirl numbers. The dependence of Cd on swirl number is shown in Figure 9 . It is seen that Cd, which is a measure of the flow capability, decreases as the swirl number increases. Similar result was also reported by Fu et al. 1 At higher swirl numbers, the atomization quality will be better because higher swirl momentum will cause lower film thickness and higher hydro-dynamic instability in the liquid sheet. The selection of swirl number should be based on a compromise between atomization of the propellant and pressure drop. The effect of RR on Cd was also assessed and is found to be marginal as seen in Table 3 . This shows that the pressure drop in recess passage is marginal compared to that in swirl passage.
Based on the above experimental data, correlations for spray cone angle (a) and coefficient of discharge (Cd) have been evolved which would be a helpful tool in the design, development, and screening of injector elements in the production phase. 
Correlation for cone angle (a):
Tan (a/2) ¼ 0.01 A 1.64 RR
À0.242
Correlation for coefficient of discharge (Cd):
The correlation is applicable for swirl numbers in the range 10-20 and RRs in the range 0.5-1.5. These correlations are also consistent with the correlation reported in literature, Fu et al. ; cone angle is also reported to be directly proportional to swirl number by Lefebvre, 4 Lightfoot et al., 6 and Im et al. 2 Study on 11 different GCSC configurations brings out the effects of swirl number, RR, and injection pressure on liquid spray characteristics. Based on qualitative assessment of the spray pattern, injectors with very high swirl number (GCSC07 and GCSC10) having very poor gas-liquid interaction and very less Cd were not considered for further study. The spray characteristics were studied at different MFR and the critical MFR was determined. Qualitative assessment of the gasliquid interaction is made over a wide range of MFRs and correlated with the critical MFR.
For each injector, trials were done initially with water alone at a steady flow rate and were followed by trials with both water and GN 2 . The water flow was kept steady at around 200 AE 10 g/s and the GN 2 flow rate was allowed to vary in the range of 15-50 g/s so that MFR range covering AE 50% of the design MFR.
There is significant variation in spray cone angle with the introduction of gas flow with the swirling liquid sheet enclosing the core gas. The transfer of kinetic energy to the liquid by the annular gas increases with MFR and so does the quality of atomization of the liquid. As the momentum of central gas core increases, the swirling liquid on the periphery is dragged towards the center and the cone angle decreases as MFR increases as shown in Figure 10 . At lower MFRs, the spray cone angle reduces with increase in MFR which reverses with further increase in MFR. The MFR at which the trend reversal of spray cone angle occurs, is known as the critical MFR, which is lower for injectors with higher swirl numbers and is higher for lower swirl number injectors. Similar results were also reported by Fu et al. 1 As the MFR increases beyond critical MFR, mass flow rate of the gas phase increases, causing higher gas pressure in the inside resulting in a higher outward pressure on the liquid sheet and makes it spread out. Another factor which causes the cone angle to increase could be the thinning of the liquid sheet in the recessed region. It will result in the increase of liquid swirling velocity and hence a higher cone angle. Similarly, trials were conducted on the remaining eight injectors and the results are summarized in Table 4 .
Determination of critical MFR is of utmost significance as it is indicative of good gas-liquid interaction and it is preferred to operate an injector above the critical MFR from both combustion efficiency and stability point of views.
Atomization studies
Droplet size and droplet size distribution were evaluated for nine different configurations of the injectors at MFRs varying from one to six. This was achieved by varying the flow rate of gaseous nitrogen. SMD was taken as the representative mean diameter and its variation with MFR and the distribution of droplets in the spray is taken as the basis to compare the atomization characteristics of different injectors. MMD (D 0.5 or D 50 ) at different values of MFR are also compared. Based on past experience, SMD less than 80-90 mm in Figure 9 . Cd vs. swirl number. The effectiveness of a particular injector configuration is assessed based on three aspects; (i) variation of droplet diameter with MFR, (ii) droplet size distribution of the spray, and (iii) gas-liquid interaction. The first two aspects are studied based on Malvern data, whereas gas-liquid interaction is assessed from the spray photographs by visual inspection of the spray pattern.
Spray characteristics of medium swirl number injectors with varying RR (GCSC01, GCSC05, and GCSC11). Injectors with swirl number in the range of 13-15 and RR 1, 0.5, and 1.5 were tested and trials were conducted by maintaining an almost steady water flow rate and by varying the nitrogen flow rate to vary the MFR from two to five. The results of each injector of this group are summarized below.
GCSC01 has a swirl number of the medium range of 15.2 and RR of 1.0. Tests were conducted for MFR from two to five.
Variation of SMD at different MFR for GCSC01 is shown in Figure 11 . SMD is decreasing with MFR, which is consistent with literature and it starts becoming asymptotic at higher MFR. At very high MFR, momentum transfer becomes less effective due to already finely atomized droplets.
Spray distribution shown in Figure 12 is with particle diameter (in mm) along the X-axis, % cumulative volume, and % volume frequency along the Y-axis. It is seen that almost symmetrical and well-defined peak exists for MFR ¼ 5, MFR ¼ 4, and MFR ¼ 3 conditions, whereas for MFR ¼ 2, the peak zone is flatter with larger number of higher size particles. This observation clearly indicates poorer atomization at lower MFR and the presence of coarser water droplets at the outer periphery. Figure 13 shows that the spray is fully atomized at MFR ¼ 5.0, whereas at MFR ¼ 3.5, a portion of the spray consisting of coarser particles envelop the fine spray in the core region. However, under actual operating conditions with MFR of 3.5, the cone angle will be lesser due to back pressure effect and much better gas-liquid interaction is expected. In actual case, there will be multiple elements so the interaction between sprays will also assist in better atomization and mixing in the outer portion of the spray. Figure 14 shows the spray distribution for GCSC05 with RR ¼ 1. There are two distinct peaks which are indicative of two distinct zones in the spray; the zone of finer particles at the center, where the gas-liquid interaction is maximal and the zone of coarser particles at the outer periphery where the gas-liquid interaction are lesser. The second peak is seen to become more predominant at lower MFR indicating insufficient gas momentum for effective atomization. MMD is 105 mm at MFR ¼ 4.5 and it increases to 125 mm for MFR ¼ 3.5, 175 mm at MFR ¼ 3 and so on. This is a clear improvement compared to the earlier injector (GCSC01) where the MMD was 180 mm. Also, gasliquid interaction at MFR ¼ 3.5 is better in GCSC05 compared to GCSC01 which can be attributed to the lesser cone angle and higher RR.
Atomization of GCSC05 is superior compared to GCSC11 and is closely matching with GCSC01. Considering that GCSC01 has a higher swirl number and hence will have a lower value of Cd, GCSC05 can be selected as the better option from this group. The higher recess length in GCSC05 helps in better and more uniform atomization. In order to get spray sizes of less than 90 mm, the operating MFR should be around 3.5. Spray characteristics of low swirl number injectors with varying RR (GCSC03, GCSC06, and GCSC08). This group consists of three injectors with low swirl number in the range of 9-10 with RRs 1, 0.5, and 1.5. The results of each injector of this group are summarized below.
Variation of SMD and gas-liquid interaction results are consistent with earlier trials. Droplet size distribution shows wider range of droplets and the peaks are less distinct as seen in Figures 15 to 17 . Due to lower swirl number, the transfer of kinetic energy from the gas to the liquid is lesser and thus the atomization is poorer. The spray cone angle is low because of lower swirl momentum and not much improvement in atomization and mixing can be expected, even with multiple injectors.
The injectors of this group are capable of achieving SMD less than 80 -90 mm only with higher MFR conditions of the order of five or more. GCSC08 with lower RR of RR ¼ 0.5 is found to be having inferior atomization characteristics compared to the other two injectors. This can be attributed to higher non-uniformity in water sheet and lesser water-GN 2 interaction, both due to the lower recess length. Comparing GCSC03 (RR ¼ 1.0) and GCSC06 (RR ¼ 1.5), it is found that the atomization characteristics are comparable considering SMD, but MMD is better for GCSC03. The spray distribution of GCSC03 at MFR ¼ 3.5 has three peaks, whereas the distribution at the same MFR is comparable. Hence, it can be inferred that GCSC03 is the best option from this group and it can be recommended for applications with actual operating MFR of five or more.
Spray characteristics of high-swirl number injectors with varying RR (GCSC02, GCSC04, and GCSC09). This group contains three injectors with high swirl number in the range of 19-20 with RRs 1, 0.5, and 1.5. As shown in Figure 18 , the trends of SMD variation were similar to earlier trials. The results of each injector of this group are summarized below. The droplet size distributions of very high-swirl number injectors show two distinct peaks. This can also be observed from Figure 19 , indicating very poor mixing. A good portion of the liquid sheet does not interact well with the gas jet resulting in large number of coarser particles in the outer periphery.
The injectors of this group are capable of achieving SMD better than 60-70 mm at the core of the jet at lower MFR of 2.5-3. However, it is found that a fairly good portion of the jet is not properly atomized in the outer periphery and the atomization of this portion is dependent on the injector to injector interaction at the injector head level. These types of injectors are suitable when there is constraint on the gas side momentum and sufficiently high drive potential is available in the liquid side. Among the three injectors of this group, GCSC02 with RR ¼ 1 and GCSC09 with RR 0.5 have shown good atomization performance. However, GCSC09, with the lower recess length, is found to have non-uniform liquid sheet and hence GCSC02 is the best injector in this group.
The particle size was measured and compared for nine different injectors. SMD and MMD are taken as the basis for comparing the atomization performance and the comparison is summarized and shown in Table 5 .
Conclusion
Study of different GCSC configurations brings out the effects of swirl number, RR, and injection pressure on liquid spray characteristics and the results will be very useful in assessing the suitability of any swirl injector configuration. Inputs derived on critical momentum flux ratio enable the selection of best configuration for a particular application.
Injectors with high swirl number in the range 19-20 have larger cone angle (95 -104 ) but the Cd values are low at around 0.03 and hence require high drive potential to meet the flow requirements. On the other hand, the low swirl number injectors (A ¼ 9-10) have much higher Cd values in the range of 0.06-0.07 but the cone angles are much lesser (40 -60 ) which will lead to higher liquid film thickness and poor atomization. The medium swirl number injectors (A ¼ 13-15) are found to have Cd in the range of 0.04-0.05 as well as an average cone angle of around 74 -80 and hence could give optimum performance in terms of both flow capability and atomization. As swirl number increases, cone angle increases but Cd decreases. Higher RR yields better uniformity of the spray but the cone angle decreases with increase in RR. Cd is not sensitive to changes in RR.
The studies show that the selection of optimum swirl number has to be based on both cone angle and Cd. Correlations for both spray cone angle and coefficient of discharge have been developed which would be a helpful tool not only in the design/development phase of a GCSC injector but for screening of injector elements in the production phase.
SMD is proportional to film thickness 4 so, at higher swirl number when film thickness is small, finer droplets are observed. A comprehensive analysis is done for the SMD variation with MFR and swirl number. SMD was found to increase with RR as reported by Li-Jun Yang and Ming-he Ge 9 Low swirl number injectors in the range 8-13 give maximum gas-liquid interaction and higher degree of atomization but requires higher MFR of four to five to achieve SMD less than 90 mm. For the medium swirl number injectors with swirl number 14-20, almost complete atomization is observed at MFR of the order of 3.2-4.0. The injectors of high swirl number are capable of achieving SMD of better than 60-70 mmat the core of the jet at lower MFR of the order of 2.5-3. However, only the central core region is getting fully atomized, a fairly good portion of the jet is not properly atomized and there are particles of size more than 1000 mm present in the outer periphery. Overall, SMD decreases with MFR and finally becomes asymptotic.
For our design MFR, based on SMD, MMD, Cd, and spray cone angle, injector with swirl number of 13.9 (medium swirl) and RR of 1 .5 (GCSC05) are found to be most suitable.
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